Growth of metallic Pb islands on Si͑111͒ by vacuum deposition was studied in real time using synchrotron x-ray diffraction. The islands coarsen and order, maintaining a nearly uniform interisland distance but without angular correlation. The resulting interisland structure is akin to a two-dimensional liquid. Over a wide temperature range, the interisland ordering is well correlated with the development of "magic" island heights caused by energy minimization of the Pb electrons. The results demonstrate quantum confinement effects as a driving force for self-organization, as opposed to strain effects that generally govern the formation of semiconductor quantum dot arrays. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2435615͔
Deposition of materials in vacuum onto substrates often results in the formation of islands that are ͑partially͒ ordered. The underlying cause is thermodynamic and kinetic effects that guide and drive the assembly of atoms and clusters into preferred configurations. In this work we show that quantum confinement of electrons can be an important driving force for such self-organization processes-a mechanism distinctly different from that for the assembly of semiconductor quantum dot arrays. [1] [2] [3] [4] The materials chosen for this study, Pb on Si͑111͒, represent a prototypical metal-on-semiconductor system with an abrupt, lattice mismatched, and incommensurate interface. Confinement of the Pb valence electrons by the Si band gap causes the electronic energy of the Pb islands to depend sensitively on the island dimensions, 5, 6 and prior work has demonstrated the tendency of Pb islands on Si to adopt certain magic heights. [7] [8] [9] [10] [11] [12] The present work focuses instead on the issue of interisland interactions that give rise to ordering of the Pb islands over a long range. The experiment employed synchrotron x-ray diffraction and was carried out in situ during Pb deposition in order to follow the evolution of the islands in real time. Over a wide temperature range, the development of magic island heights as a function of coverage is well correlated with the development of inplane order, as signified by the emergence and evolution of a satellite diffraction ring surrounding the Pb Bragg peak. The results show that quantum confinement effects can drive both vertical and in-plane orderings of surface islands.
The experiments were performed using 19.9 keV x rays from an undulator source at sector 33 of the University National Laboratory Industry Collaborative Access Team, Advanced Photon Source, Argonne National Laboratory. Pb was deposited onto freshly prepared Si͑111͒-͑7 ϫ 7͒ surfaces at a rate of 0.5-0.8 Å / min. In order to monitor both the in-plane and vertical structures of the islands in real time, a volume in k space was measured by x-ray diffraction at a rapid rate. The sample was rotated repeatedly, every 30 s, to vary the incident beam angle from 0.5°to 7.5°, which included Bragg conditions of both Si͑111͒ and Pb͑111͒. An x-ray charge coupled device ͑CCD͒ camera was used to capture the diffraction pattern in steps of ⌬ = 0.05°. The time for CCD frame capture and data transfer was about 0.2 s. The camera images were combined to yield a three-dimensional k-space data set, which can be reduced to two-dimensional scattering intensity maps or one-dimensional scans.
Figures 1͑a͒-1͑f͒ present diffraction intensity maps at various deposition times, or coverages, for growth at 170 K. The horizontal and vertical axes are ͑ + ␥͒ / 2 and ͑ − ␥͒ / 2, respectively, where ␥ is the x-ray exit angle within the specular plane. The central horizontal trace in each map corresponds to = ␥, or ͑ + ␥͒ /2=. This is just the specular reflectivity. Each vertical trace corresponds to a rocking curve within the specular plane. The data show an intense vertical streak near ͑ + ␥͒ / 2 = 5.6°, which is derived from thermal diffuse scattering from Si. The center of this streak is a Si͑111͒ Bragg peak, but it is blocked by a beam stop. This beam stop yields a streaky shadow oriented at 45°relative to the vertical, which is easily seen in Figs. 1͑e͒ and 1͑f͒.
As Pb deposition proceeds, the reflectivity trace in Fig. 1 develops periodic peaks, which correspond to multilayer interference patterns from the Pb islands. 6 The main peak is a Pb͑111͒ Bragg peak, as labeled in Fig. 1͑f͒ . A counting of the peaks in Figs. 1͑e͒ and 1͑f͒ from =0°͑by extrapolation͒ to the Pb͑111͒ Bragg peak shows that the islands are mainly 8 ML high. This is a magic height as reported in the literature.
6-11 Pb films with thicknesses of 6 and 8 ML are more stable than those with thicknesses of 5, 7, and 9 ML. Both 6 and 8 ML are thus magic heights, and the system may favor one or the other depending on experimental details. Apart from the dominant 8 ML islands, the system, at a coverage of a few monolayers, consists of islands of other thicknesses and a wetting monolayer in between the islands.
Figures 1͑e͒ and 1͑f͒ show a satellite peak below the Pb͑111͒ Bragg peak. A corresponding peak above the same Bragg peak is obscured by the beam stop. An examination of the three-dimensional data set reveals that this satellite is actually a ring surrounding the Pb͑111͒ Bragg peak in a plane parallel to the sample surface. A planar map of this ring at 5.1 ML coverage is shown in Fig. 1͑g͒ ; the intensity on the right side is obscured by the beam stop. The Pb Bragg peak in the middle appears elongated because of the asymmetric diffraction geometry. This type of satellite ring structure is associated with diffraction from islands that are nearly uniformly spaced. 13 The ordering is radial in nature involving no angular correlation, which is akin to a twodimensional liquid structure. The radius of the ring ⌬q is related to the average island distance D by ⌬q =2 / D. The width of the ring is a measure of the sharpness of the island distance distribution.
Figures 2͑a͒-2͑c͒ show a line cut through the Pb͑111͒ Bragg peak and the satellite ring for increasing Pb deposition at growth temperatures of 126, 170, and 208 K, respectively. The corresponding island height distributions, deduced from the reflectivity measurements, 6 are shown in Figs. 2͑d͒-2͑f͒ .
For growth at 126 K, Fig. 2͑a͒ shows that the satellite does not develop until the coverage reaches beyond 4 ML. This corresponds well to the threshold of formation of magic height islands with a thickness of 6 ML, as seen in Fig. 2͑d͒ . Figure 2͑b͒ shows that growth at 170 K results in better ordered islands as evidenced by a sharper satellite peak. This satellite peak emerges at ϳ3 ML coverage, which is well correlated with the emergence of the 8 ML magic height islands as seen in Fig. 2͑e͒ . At an even higher temperature of 208 K, the satellite peak in Fig. 2͑c͒ emerges at ϳ2 ML coverage. Again, this is accompanied by the appearance of the 8 ML magic height islands. At this high growth temperature, the average island distance is much larger and increases significantly as the deposition proceeds, as evidenced by the evolution of the satellite peak. By contrast, the average island distance does not change much at the lower growth temperatures.
Since the magic island heights result from quantum confinement, the observed correlation between the development of magic heights and in-plane ordering over a wide temperature range suggests that quantum confinement is the underlying cause for in-plane ordering as well. The free energy of an island consists of its bulk energy and surface energy. The latter has two parts, E S associated with the top and bottom surfaces and E S Ј associated with the side surface. These energies are mainly associated with island height selection and in-plane island ordering, respectively. Both quantities can be evaluated approximately from a free electron model, and variations in E S at the level of ϳ1 meV/ Å 2 are sufficient to cause island height selection. 6 This sets the energy scale for island evolution. When two islands at a magic height com- bine to form a single island at the same height, the energy reduction equals E S Ј times the change in the side surface area.
Our calculation shows that this is comparable to the energy for island height selection on a per atom basis for islands with diameters in the range of hundreds angstroms. Evidently, energetics associated with quantum confinement can drive the in-plane evolution of Pb islands. The processes can be limited by diffusion kinetics, especially at low temperatures. A detailed discussion of the kinetics of island coarsening after deposition can be found in Ref. 12 .
The average interisland distance D deduced from the satellite peak position is shown in Fig. 3 for growth at 208 K. Also shown is the average island diameter d deduced from the coverage and the average island height and distance. The high growth temperature allows the islands to evolve readily, and both D and d increase approximately linearly. These results can be understood in terms of coalescence and ripening of islands. 14, 15 Rapid diffusion of atoms at a high growth temperature can cause nearby islands to combine via the Ostwald mechanism ͑exchange of atoms via diffusion͒ or the Smoluchowski mechanism ͑movement of islands via edge diffusion͒. Smaller islands have higher electronic energies due to lateral confinement. They tend to be absorbed by nearby larger islands to minimize the system energy. This island-island interaction during film growth effectively keeps the surviving islands apart. The island size is determined by the total coverage and the diffusion rate; the latter determines the distance over which neighboring islands can effectively interact. Figure 3 shows that the interisland-edge spacing, D − d, is approximately a constant during growth. This spacing is determined by diffusion, which is in turn determined by the growth temperature. Spacings that are appreciably smaller are unstable against coalescence and are therefore suppressed. The resulting two-dimensional packing gives rise to ordering of the islands. This ordering mechanism involves no angular correlation, which is consistent with the ring structure of the satellite.
Other interactions between islands include van der Waals forces, electrostatic forces arising from interfacial charge transfer, and strain effects. [1] [2] [3] [4] [16] [17] [18] These interactions are, however, very weak over the distances of interest. Growth of semiconductor films on semiconductor substrates, by contrast, can result in a strong epitaxial strain if the system has a significant lattice mismatch. This strain, depending on crystallographic directions, leads to an effective interaction between islands, and the assembled islands can show a strong in-plane angular correlation. Because the Fermi level in such systems lies in a band gap, quantum confinement effects are generally negligible compared to strain effects. Pb on Si, on the other hand, is characterized by an unstrained, incommensurate interface. This interface structure does not support an epitaxial strain, and so strain is unlikely to play an important role. The metallic character of Pb makes quantum confinement the dominant interaction.
In summary, we have performed in situ x-ray studies of the growth of Pb on Si͑111͒ over a wide temperature range. Rapid scans over a volume in k space allow us to deduce information about both the vertical and in-plane structures of the Pb islands. The results show a strong correlation between the onset of magic heights and in-plane ordering. This is evidence for quantum confinement as the underlying cause for the self-organization of the islands, as opposed to strain for the assembly of semiconductor quantum dots. 
